Summary
Introduction
Functional recovery following acute monophasic focal demyelination is determined by several factors. Foremost amongst these is remyelination. Whilst the restoration of impulse transmission may precede remyelination (Bostock et al., 1980; Carroll et al., 1985) , sustained and faithful conduction of trains of impulses is secured by the formation of new internodal myelin (Smith et al., 1981) . The capacity for the adult mammalian CNS to remyelinate is no longer questioned (Prineas and Connell, 1979) but in situations where repeated demyelinative injuries occur, such as multiple sclerosis this capacity may be exhausted. Failure to remyelinate together with gradual axon attrition leads to chronically demyelinated plaques and persistent functional impairment.
In studies of multiple sclerosis lesions of differing ages and activity, required at post-mortem or at diagnostic biopsy (Prineas et al., 1989 (Prineas et al., , 1993a Ozawa et al., 1994) , the surviving oligodendrocyte population and the extent of remyelination
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seemed to vary inversely with the age of the lesions. New ('young') lesions showed only a minor reduction of oligodendrocytes while in older lesions there was a paucity of oligodendrocytes (Ozawa et al., 1994) . Such observations appear to be appropriate but highlight the difficulty in timing such events and the extrapolation to a general pathogenetic hypothesis . For example, the relative preservation of oligodendrocyte numbers in 'young' lesions may imply robust regenerative capacity or that they were not the target of the demyelinative process. The latter seems unlikely from other reports where areas of acute perivascular demyelination were completely devoid of oligodendrocytes (Prineas et al., 1993a; Kwon and Prineas, 1994) . Nevertheless, together these observations suggest a declining capacity for oligodendrocyte re-population of multiple sclerosis lesions as the disease progresses. The source of remyelinating oligodendrocytes is therefore of considerable importance and controversy.
There is experimental evidence from several studies suggesting that remyelinating oligodendrocytes may originate from nearby surviving mature oligodendrocytes. Some of these reports date back to when glial identification depended on morphological and ultrastructural criteria alone (Koenig et al., 1962; Ludwin, 1979; Raine et al., 1981; Raine and Traugott, 1983; Arenella and Herndon, 1984) . More recently, however, Wood and Bunge (1986a, b) have shown that mature rodent oligodendrocytes placed in culture with unmyelinated sensory neurons will both proliferate and myelinate. These observations have since been extended and, in a direct comparison of mature oligodendrocytes and their progenitors, the former were shown to myelinate extensively in 16 days, whereas the latter showed very little myelination (Wood and Bunge, 1991) . These in vitro observations seem to support the findings in vivo of oligodendrocyte division following a local cerebral traumatic injury (Ludwin, 1985) . In another study, myelin-deficient rat spinal cord was extensively myelinated by injected oligodendrocytes from adult rats (Duncan et al., 1992) .
On the other hand there is considerable evidence suggesting that progenitor cells spawn a new population of oligodendrocyte precursors in a manner that seems to recapitulate developmental myelination (Ludwin, 1979; Godfraind et al., 1989; Prineas et al., 1989 Prineas et al., , 1993a Armstrong et al., 1992; Groves et al., 1993; Carroll and Jennings, 1994) . Cells believed to be progenitors have been identified in mammalian brain (Fulton et al., 1992; Gogate et al., 1994; Scolding et al., 1995) and at least one cell line has not only been immortalized (Louis et al., 1992) but also shown to be capable of remyelinating chronically demyelinated regions of rat spinal cord (Franklin et al., 1995 (Franklin et al., , 1996 and the brain and spinal cord of myelin deficient rats (Tontsch et al., 1994) .
In this report, we present evidence for a resting progenitor cell (RPC) residing in a regular central fascicular location outside the demyelinative region which responds rapidly to the nearby injury by becoming active (activated RPC or aRPC) and undergoing a single division. The progeny of this division migrate into the demyelinated region and differentiate into remyelinating oligodendrocytes. We have previously shown that in focal optic nerve demyelination induced by micro-injection of anti-galactocerebroside antiserum, remyelination follows the invasion of the lesion by elongated glial precursor cells. These precursors intimately associate with demyelinated axons, acquire vimentin intermediate filaments, extend multiple processes and then lose the intermediate filaments as myelination commences (Carroll et al., 1990) . The oligodendrocyte precursors, termed glial precursor cells (GPCs) and small glial cells (SGCs) before and after they express vimentin, respectively (Carroll and Jennings, 1994) , share several features with those of the so-called perinatal O-2A progenitor of the developing rodent (Raff et al.,1983) . The central fascicular RPC of cat optic nerve may well be the equivalent of the so-called adult O-2A progenitor of the rodent (Fulton et al., 1992; Carroll and Jennings, 1994) since it has been claimed that such cells can express O-2A perinatal -like characteristics under the influence of growth factors . The present combined autoradiographic, immunocytochemical and ultrastructural study shows conclusively that the remyelinating oligodendrocyte precursors derive from the single division of progenitor cells outside the lesion.
Methods

Experimental design
All experimental procedures on animals were performed with the approval of, and in accordance with the guidelines of, the University of Western Australia Animal Experimentation and Ethics Committee.
Material for this study was drawn from a series of 15 young adult cats, aged between 9 months and 2 years, each of which had received a standardized intra-optic nerve injection of demyelinating antibody (see below) followed by single or multiple intravenous infusions of tritiated thymidine ([6-3 H]thymidine, 1 mCi/kg) from as early as 19 h through to 6 days post-lesion. On the basis of our previous observations, that the period between 40 and 48 h was the time of maximal glial proliferation for the putative progenitor cells (Carroll and Jennings, 1994) , six animals infused with [6-3 H]thymidine during this period were sacrificed either soon afterwards (2-day lesion) or 40-46 h later (4-day lesion). An additional animal received a single infusion of [6-3 H]thymidine at 4 days post-injection immediately prior to sacrifice. The lesion age, infusion times and divisional status of [6-3 H]thymidine-labelled cells in these seven animals are summarized in Table 1 .
Lesion
In all animals a demyelinative injury was made in the right optic nerve as previously described (Carroll et al., 1990) . While the animal was ventilated and under halothane anaesthesia, 1-3 µl of high titre polyclonal rabbit anti-galactocerebroside or anti-myelin oligodendrocyte glycoprotein antiserum (the kind gift of Dr J. Pollard), was micro-injected into the retrobulbar optic nerve. The 40-µm micropipette was positioned with a micro-manipulator using an operating microscope and the injection completed over 2 min, after which the lateral canthotomy was sutured and the animal allowed to recover. Intravenous [6-3 H]thymidine infusions were also performed under anaesthesia with 1-2 h between infusions. Animals were sacrificed using deep halothane anaesthesia and intra-aortic perfusion of paraformaldehyde (3%) and glutaraldehyde (1.25%) in phosphate buffer (pH 7.4). After dissection, both optic nerves were cut transversely into ordered blocks of 0.5-1.0 mm and post-fixed in osmium tetroxide before automatic processing through to Araldite on a Lynx microscopy tissue processor. Blocks were embedded in transverse orientation and the lesions located on full face 1-µm thick sections cut on an LKB-Nova ultramicrotome.
Immunocytochemistry
Immunocytochemistry was performed on 1 mm thick transverse sections using antibodies to glial fibrillary acidic protein (GFAP) (rabbit anti-human, 1 : 300; Dako Corporation, Carpintaria, Calif., USA); vimentin (mouse anti-human; Dako, 1 : 60); human natural killer cells (HNK-1) (mouse anti-human hybridoma supernatant; the kind gift of Dr A. Everett; 1 : 15) and Ricinus communis agglutinin (RCA-1) (biotinylated lectin, 1 : 1500; Vector Laboratories, Burlingame, Calif., USA). Sections were prepared by being dried onto glass microscope slides, deplasticized in a mixture of sodium ethoxide and xylene (1 : 1) followed by light etching with 0.1% hydrogen peroxide (H 2 O 2 ). After initial blocking with 20% normal horse serum, the sections were incubated with their primary antibody, either overnight at 4°C or for 1 h at 37°C. A labelled streptavidin biotin (LSAB) (Dako) kit was used to reveal antibody binding. Mixed biotinylated anti-mouse and anti-rabbit immunoglobulins were followed by peroxidase-conjugated streptavidin and the reaction product was revealed using metal-enhanced diaminobenzidine (DAB) (Pierce). DAB reaction product was counter-stained with toluidine blue or DiffQuik (Harleco). For HNK-1, anti-mouse IgM-biotin (1 : 100) (Sigma) was used as the secondary antibody, and for RCA-1 the first reagent of the LSAB kit was omitted.
Autoradiography
Tritiated thymidine is available for only~30 min following intravenous infusion, during which time it is incorporated into the nuclear DNA of cells which are preparing to divide (S phase of cell cycle) (Cleaver, 1967; Korr et al., 1973) . When these cells complete division, each of the two resultant daughter nuclei will contain half of the original label (Grounds and McGeachie, 1987) . The radioactive thymidine contained within cell nuclei is visualized by autoradiography.
Slide-mounted sections were dipped in Kodak NTB-2 emulsion, allowed to dry and then left for 2 weeks in the dark. The sections were developed with Kodak D-19 diluted 1 : 1 with water, fixed with Ilford Hypam Rapidfix and then counterstained with DiffQuik. When immunocytochemistry and autoradiography were combined, the sections were airdried after the DAB step and then processed for autoradiography as described above.
Following autoradiography processing, cells which had incorporated [6-3 H]thymidine were identified by the presence of silver grains (black dots) overlying their nuclei. While the actual grain count depends on several factors, such as the total exposure of the individual cell to the [6-3 H]thymidine, the pre-or post-division status of the cell and the amount of chromatin revealed in a particular sectional profile of the nucleus, the identification of a cell as [6-3 H]thymidine-labelled did not rely on grain count alone but also on the confirmation of labelling in two or more adjacent autoradiography sections (see Correlative viewing section below). This protocol also obviated any potential problems with background levels of non-specific silver grains.
Electron microscopy
Full-face whole nerve thin sections of~70 nm were cut on a 4-mm diamond knife (RMC, Arizona, USA) then mounted on formvar-carbon coated slot aperture grids for staining with uranyl acetate and lead citrate. A Phillips 410 elecronmicroscope was used to view the sections, enabling both low magnification viewing and tilting through 40°.
Correlative viewing
In order to fully characterize all cells of interest in each cross-section of the optic nerve, a set of consecutive fullface sections was cut for morphology, ultrastructure, autoradiography and immunocytochemistry. A low power light micrograph of the whole optic nerve was first obtained; this was followed by higher power (ϫ10) micrographs of toluidine blue stained sections to permit cell localization from all other slides and grids. With such sets of consecutive sections, glial cells with two or more overlying nuclear silver grains confirmed on at least two autoradiography sections were located and marked on the photographic prints, scored for grain count and then characterized by antigenic phenotype and electron microscopic ultrastructure.
Results
Optic nerve lesions comprised foci of complete demyelination surrounded by a fringe of more scattered demyelination and occupied up to 25% of the transerve sectional area with a longitudinal extent of up to 3 mm (see Fig. 1 ). The lesions were typical of the 'early demyelination' phase described previously (Carroll et al., 1990) , though the clearance of myelin debris was more advanced in the 4-day lesion. Lesion size did not appear to increase between 2-day and 4-day lesions. As mentioned in the Methods section, six animals received infusions of [6-3 H]thymidine between 40 and 48 h post-lesion and were examined shortly afterwards (2-day lesions) or 40-46 h later (4-day lesions). One animal was infused immediately prior to sacrifice at 4 days post-injection (see Table 1 ).
Two-day lesion
Within the lesion, demyelinated and demyelinating axons were surrounded by myelin sheaths in various stages of degeneration amongst which lay debris-laden monocytic phagocytes, polymorphonuclear leucocytes and large reactive GFAP ϩ astrocytes. Blood vessels often had plump endothelial cells and inflammatory cells within the perivenular space. Fig. 2A) shows that the dividing cells are only located outside the lesion and its fringe. In B, two cross-sections illustrate views through the main lesion (B1) and through one end of the lesion (fringe, B2; corresponding to Fig. 4A ). Note that, at 4 days, labelled cells are no longer present in the normal extra-lesion tissue sites where they were found at 2 days but have migrated into the lesion fringe. No oligodendrocytes survived within the lesion, although degenerating but unidentifiable cell profiles were scattered through it. Outside the lesion and its fringe of mixed demyelinated and normally myelinated axons was the area hereafter referred to as the 'lesion surround'. Nerve fascicles retained a normal appearance in the lesion surround, and astrocytes, oligodendrocytes and microglia appeared morphologically normal (Peters et al., 1991) . Autoradiography demonstrated heavily labelled cells in perivascular regions within the lesion as well as labelled plump endothelial cells in blood vessels of the lesion surround. In fascicles situated in the lesion surround but never within the lesion, a small number of glial cell nuclei were also labelled with overlying silver grains. Typically these labelled glial cells shared many features and appeared to be a uniform population, consistent with being activated progenitor cells (aRPC). They occupied a central position within fascicles, contained a large rounded nucleus (~8-µm diameter) with a small amount of perinuclear cytoplasm, and lacked obvious radiating processes (Figs 2 and 3) . Nuclear morphology of these cells varied with the mitotic state, including an occasional labelled metaphase, but a prominent central nucleolus and lack of clumped heterochromatin were common features. Serial sectioning through this cell type showed the actual nuclear shape to be ovoid with a longitudinal axis of Ͼ10 µm. Immunocytochemically, these cells were GFAP -/HNK-1 -/vimentin -/RCA-1 -and hence did not exhibit the antigenic phenotype of astrocytes (GFAP ϩ ), oligodendrocytes (HNK-1 ϩ ; Carroll and Jennings, 1993) , oligodendrocyte precursors (vimentin ϩ /GFAP -; Carroll et al., 1990) or microglia (RCA-1 ϩ ; Mannoji et al., 1986) . Ultrastructurally, the cytoplasm was relatively undifferentiated containing variable numbers of polyribosomes, mitochondria and vesicular structures not organized into Golgi apparatus, but there were no intermediate filaments, microtubules or stacked endoplasmic reticulum. The perinuclear cytoplasm did contain loose aggregations of 10-nm diameter microfilaments (Fig. 2) . Morphologically, they were also readily distinguishable from the remaining glial population, the microglia, examples of which were present throughout lesion-surround fascicles. On the basis of the combined morphological, immunocytochemical and ultrastructural criteria, none of the [6-3 H]thymidine-labelled glial cells were identified as astrocytes, oligodendrocytes or microglia.
Four-day lesion
Within the lesion, demyelinated axons and debris-laden macrophages lay in an open interaxonal matrix with little or no free myelin debris. Again, the lesion was completely devoid of surviving oligodendrocytes and the cell population comprised macrophages, astrocytes and an occasional polymorphonuclear leucocyte usually confined to perivascular regions. In the fringe of the lesion, axons with preserved myelin sheaths mingled with cleanly demyelinated axons, some of which were attended by glial cells with the morphology and antigenic phenotype of oligodendrocyte precursors. The perinuclear cytoplasm of these glial cells, previously termed small glial cells (SGCs) (Carroll et al., 1990) , contained tightly packed bundles of vimentin ϩ Fig. 2 Photomicrographs of serial sections of cat optic nerve 2 days post-injection, shortly after infusion with tritiated thymidine. The cross section of the whole nerve (A) shows the region of demyelination (outlined) and the location of thymidine labelled glial cells preparing to divide (dots) in the lesion surround. The circled cell is labelled R in parts B-H which detail the morphological and antigenic characteristics of the aRPC (activated form of the putative resting progenitor cell). In B (low power EM) cell R resides in the centre of a fascicle in the lesion surround and has a large rounded nucleus, prominent central nucleolus and scant perinuclear cytoplasm with no obvious radial processes. The nucleus of cell R is overlain with silver grains in C (toluidine blue) and D (HNK-1) confirming that the cell is preparing to divide. Immunocytochemistry demonstrates that cell R is negative for GFAP (E), vimentin (F), HNK-1 (D) and RCA-1 (not shown). In the low power EM (B) and in E-H the arrow and arrowhead indicate the position of closely apposed astrocyte processes, which are typically associated with this cell type and explain the GFAP (E) and vimentin (F) positivities close to the cell body. Ultrastructurally (G and H) cell R has a nucleus (R) with patchy, moderately dense heterochromatin, and only a small amount of perinuclear cytoplasm, with organelles typical of an undifferentiated cell such as mitochondria (m), polyribosomes (p) and vesicles intermediate filaments. The dense perinuclear vimentin ϩ staining was clearly distinguishable from that of astrocyte or macrophage cytoplasm (Graeber et al., 1988; Fig. 4B and F) .
Autoradiography sections of optic nerve infused with [6-3 H]thymidine 2 days earlier showed several glial cells with labelled nuclei located mainly in the fringe of the lesion. No glial cell labelling was evident within the lesion proper, although numerous endothelial cells were labelled both within and outside the lesion. All of the glial cells labelled were identifiable as oligodendrocyte precursors (Figs 4-6) with none being mature oligodendrocytes, astrocytes or microglia. In the lesion fringe, [6-3 H]-thymidine-labelled SGCs were seen with organelle-rich vimentin ϩ /GFAP -/HNK-1 -/RCA-1 -processes wrapping demyelinated axons (Fig. 4B-G) . Further out, two populations of oligodendrocyte precursors were labelled. The most populous were the so-called emergent SGCs (Figs 5 and 6 ). These displayed strongly vimentin ϩ perinuclear cytoplasm and were negative for the other markers, but had no visible process development. In oblique or longitudinal profiles (Fig. 5A-E ), emergent SGCs typically had an elongate nucleus and correspondingly larger number of overlying silver grains than in crosssection (Fig. 6B) . Also, in the relatively normal lesion Fig. 3 Photomicrographs of serial sections of cat optic nerve 2 days post-injection and shortly after infusion with tritiated thymidine showing another typical aRPC (cell R) whose location is identified by the boxed-in dot in Fig. 2A . In A (toluidine blue), cell R resides centrally within a fascicle, closely surrounded by myelinated axons (a), and has a large ovoid nucleus with a prominent nucleolus. Cytoplasm belonging to R extends for a short distance at the right hand pole of the nucleus (arrow) and as in Fig. 2 , astrocyte processes are closely adjacent to parts of the cell body (arrowhead in B and C). In B (vimentin), C (GFAP) and D (HNK-1), cell R is immunonegative while in C and D silver grains overlying the nucleus confirm that the cell is preparing to divide. Bar ϭ 5 µm.
surround was the third type of labelled glial cell, the GPC. These GPCs were vimentin -/GFAP -/HNK-1 -/RCA-1 -. The GPCs were always found in a centre-fascicle location, and they closely resembled emergent SGCs apart from lacking vimentin ϩ intermediate filaments and having greater electron density of their nuclei and cytoplasm (Carroll and Jennings, 1994) . No glial cells similar to those identified in the 2-day lesion and shown in Figs 2 and 3 were labelled in the 4-day lesion and the labelled glial cells at 4 days were always in relatively close proximity to the lesion. In optic nerve pulse-labelled at 4 days post-injection (Table  1) , glial labelling was only present within the lesion and was restricted to an occasional strongly GFAP ϩ astrocyte and rarely to an SGC as previously reported (Carroll et al, 1990; Carroll and Jennings, 1994) .
Discussion
The search for the earliest dividing glial cells following a focal demyelinating injury has clearly identified a unique and apparently uniform population of cells. These cells reside outside the lesion in a regular central fascicular location, with none surviving within the demyelinative area. They have readily distinguishable identifying characteristics, exhibit a transient and early mitogenic response, and they represent the first in vivo description of RPCs in the adult mammalian CNS. This combined autoradiography study has tracked the oligodendrocyte precursors previously characterized in vivo at the edge of a demyelinating lesion (Carroll and Jennings, 1994) back to the RPC. The RPC is therefore the founding cell of the remyelinating process.
In 2-day lesions RPCs were first identified as strongly labelled cells in autoradiography sections. They were further characterized with the combined electron microscopy and immunocytochemistry protocol as a distinct glial cell population. They did not express oligodendrocyte or astrocyte differentiation markers, nor did they contain vimentin intermediate filaments and were negative for the microglial marker, RCA-1, bearing no morphological resemblance to either resting or activated microglia (Peters et al., 1991) . In addition, their fascicular location amongst normally myelinated fibres in the lesion surround, their ovoid nuclear shape and characteristic ultrastructure, including loosely aggregated microfilaments and high nuclear to cytoplasmic ratio (LeVine and Goldman, 1988) , confirmed their unique identity. The RPCs could therefore be distinguished from astrocytes, oligodendrocytes and microglia. As they were located in autoradiography sections by having entered the S phase of cell division, and were hence no longer 'resting', they can reasonably be termed the activated form of the RPC (aRPC) of the adult cat optic nerve. The observation of occasional metaphase examples of these cells confirms that they are actually dividing and not just incorporating the [6-3 H]thymidine.
The progeny of this wave of glial cell division at 2 days post-injection are seen after a further 48 h within the fringe of the demyelinative lesion, recognizable by virtue of their silver-labelled nuclei. By definition, these autoradiographylabelled cells must be the daughters of the RPC since no other glial cells were dividing at the time of infusion. The RPC progeny exhibit the immunocytochemical and ultrastructural characteristics typical of oligodendrocyte precursors (GPCs and SGCs) as previously described in this lesion (Carroll and Jennings, 1994) . To date, all labelled progeny glial cells at 4 days post-injection have been either GPCs (i.e. vimentin -cells typically located outside the lesion proper) or SGCs (i.e. vimentin ϩ cells usually associated with demyelinated axons). Identification is unequivocal since the correlative protocol can distinguish between GPCs/SGCs and either astrocytes or oligodendrocytes. The observation within the 4-day pulse-autoradiography lesion of occasional astrocytes with silver-labelled nuclei confirms that when this cell-type does divide, at least within adult cat optic nerve, it retains its hallmark GFAP positivity and cannot be confused immunocytochemically with the oligodendrocyte precursor. GFAP ϩ cells have not been observed among the cells dividing at 2 days post-injection and the dividing cells are restricted Fig. 4 Photomicrographs of serial sections of cat optic nerve 4 days post-injection and 2 days post-infusion with tritiated thymidine, and situated at one end of the main demyelinative lesion (lesion fringe). The cross-section of the whole nerve (A) shows the regions of mixed demyelination and the location, in and around the lesion fringe, of thymidine labelled glial cells (dots) which are the progeny of those cells dividing at the time of infusion (see Figs 2 and 3) . Cell S, a SGC (small glial cell), is circled in A, and in B (low power EM) and C (toluidine blue) it is seen to lie amongst myelinated and demyelinated axons (asterisks) with a laden macrophage (M) nearby. Cell S has an almost euchromatic nucleus, and its cytoplasm encircles the adjacent demyelinated axon (arrows in B). Silver grains overlie the nucleus in a section processed for autoradiography (D). Cell S is negative for GFAP and RCA-1 (not shown) and for HNK-1 (E). Note the typical HNK-1 periaxonal ring positivity of nearby myelinated axons. The perinuclear cytoplasm and axon wrapping process are strongly positive for vimentin (F) in the pattern typical for this cell-type. Ultrastructurally (G), the organelle-rich cytoplasm is of medium electron density and packed with intermediate filaments (e.g. arrows) including the leading tongue of cytoplasm (broad arrow) encircling the demyelinated axon (asterisk). Also in the cytoplasm are the Golgi apparatus (g), short profiles of endoplasmic reticulum (er) mitochondria (m) and polyribosomes (p). Bar ϭ 200 µm in A, 5 µm in B-F and 0.5 µm in G.
to extra-lesion sites, whereas astrocytes are present throughout the nerve fascicles (Carroll et al., 1990) .
There are several aspects of these findings which invite further comment and which are relevant to the present concepts of remyelination of the adult mammalian CNS. These include the absence of oligodendrocyte division, the apparently synchronous mitogenic response of the RPCs, the likelihood of symmetrical division of the RPCs and the loss of RPCs from within the lesion.
Despite evidence suggesting that mature oligodendrocytes may possess the capacity to divide and effect remyelination (Ludwin, 1985; Wood and Bunge, 1991; Duncan, 1992) they were not seen to contribute in the present study. In vitro studies have reported that 'pure' colonies of oligodendrocytes myelinate axons more effectively than oligodendrocyte precursors (Wood and Bunge, 1991) and that oligodendrocyte colonies produce progenitors after a week (Wood and Mora, 1993) . These observations accepted, in the present study no glial cells bearing oligodendrocyte antigens demonstrated nuclear labelling around the lesion and none survived within the lesion. Furthermore, the rapidity of the onset of aRPC division in the lesion surround, and the lack of any oligodendrocytic characteristics or demyelinated internodes, renders implausible any argument that the aRPC are a dedifferentiated population of oligodendrocytes. Whilst it may be that mature oligodendrocytes participate in remyelination after repeated episodes of demyelination in multiple sclerosis, in the cat optic nerve the early and Fig. 4A . Cell E is an obliquely sectioned emergent SGC and illustrates the typical GFAP -(B), vimentin ϩ (C) and HNK-1 -(D) antigenic phenotype. In C,D and the toluidine blue section (E) another SGC with the same characteristic, elongated, euchromatic nucleus has centrally aligned nucleoli. Note that the punctate GFAP positivity adjacent to cell E in B is due to the close apposition of astrocyte processes as illustrated ultrastructurally in Fig. 6A . Bar ϭ 5 µm. Fig. 4A is identified by the larger box. The low power electron micrograph (A) illustrates the morphology and fascicular location of the transversely sectioned emergent SGC (cell E) and GPC (cell G). The nucleus and cytoplasm of cell G are more electron dense, but both cells have a small rounded nuclear profile with little perinuclear cytoplasm and they are in close contact with surrounding axons (a) and astrocytic processes (arrows). The SGC (cell E) is vimentin ϩ whilst the GPC (cell G) is vimentin -(C). Bar ϭ 1 µm in A and 5 µm in B and C.
vigorous remyelination after a single insult occurs without direct oligodendrocyte involvement.
The division of the RPC population is early and restricted to a short time period. It peaks at~40-48 h post-lesion and has ceased well within a further 48 h. The location of the responding RPC population and the restricted period of RPC responsiveness make it likely that the mitogenic signals, such as fibroblast growth factor (Tourbah et al., 1992) , emanate from the lesion. In this regard, the molecular milieu of the extracellular compartment surrounding the lesion is quite complex (Baron-Van Evercooren et al., 1996) and likely to be subject to critical modulation. Indeed, the brevity of the period of RPC mitogenesis suggests that the stimulus intensity rapidly declines, or is even actively inhibited by the aRPC progeny. By 4 days post-injection the progeny have migrated centripetally, presumably under the lesion's influence, and many have commenced oligodendroglial differentiation. Furthermore the apposition of the vimentin ϩ SGCs to the bare demyelinated axons at the lesion edge at this time indicates additional specific signalling. Together, these changes suggest strongly that signals emanating from the lesion largely orchestrate the entire response, from RPC activation and division to precursor migration and, finally, oligodendrocyte differentiation. Whilst mindful of the pitfalls in attempting trans-species extrapolation, the present findings are in accord with the considerable phenotypic plasticity of human oligodendrocyte precursors in vitro (Gogate et al., 1994) , although these investigators were not able to induce progenitor division. The very early mitogenic response of the RPC might explain why the careful neuropathological studies of multiple sclerosis lesions by Prineas et al. (1993a, b) have not, so far, revealed unequivocal evidence of mitosis in the remyelinating oligodendrocyte lineage.
As far as can be ascertained, the RPC division is symmetrical rather than asymmetrical and this has some important implications. The mitotic product appears to be two oligodendrocyte precursor cells rather than one migratory precursor and a replacement RPC. In the 4-day lesion no autoradiography-labelled daughter cells remain in the position typical of the parent cell, and all daughter cells are identifiable as oligodendrocyte precursors. If this is the case, then symmetrical division indicates the potential for depletion of the RPC population in the vicinity of the lesion. Whilst it is not proven at this stage that all RPC within the area of influence of critically intensive mitogenic signals respond, it appears likely that this is the situation. Our observation that RPCs do not survive within the demyelinative lesion further exacerbates this situation. The implication is that a single demyelinative insult can effectively deplete the remyelinative potential of a locality and any subsequent episode of demyelination may be incompletely remyelinated. Consequently, when viewed together with the probable genesis of chronic multiple sclerosis plaques by repeated, temporally discrete demyelinative insults (Prineas et al., 1993b) , the robustness of the remyelinative response is likely to be progressively diminished. Attempted replenishment of RPC numbers after a remyelinative effort may occur, possibly by asymmetric division (Wren et al., 1992; Engel and Wolswijk, 1996) of an RPC subpopulation, or by more remote RPCs. Without the lesional influence this would be likely to occur at a slow rate in keeping with the characteristics of the so-called adult O-2A progenitor (Ffrench-Constant and Raff, 1986; Wolswijk and Noble, 1989) . Although speculative, such plasticity of the RPC would match that exhibited by the rodent adult O-2A in vitro and would be an appropriate, though not necessarily complete, repertoire of mitogenic responses for the RPC and its human equivalent (Scolding et al., 1995) .
